Abstract Three-dimensional (3D) printing has generated considerable excitement in recent years regarding the extensive possibilities of this enabling technology. One area in which 3D printing has potential, not only for positive impact but also for substantial improvement, is microfluidics. To date many researchers have used 3D printers to make fluidic channels directed at point-of-care or lab-on-a-chip applications. Here, we look critically at the cross-sectional sizes of these 3D printed fluidic structures, classifying them as millifluidic (larger than 1 mm), sub-millifluidic (0.5-1.0 mm), large microfluidic (100-500 μm), or truly microfluidic (smaller than 100 μm). Additionally, we provide our prognosis for making 10-100-μm cross-section microfluidic features with custom-formulated resins and stereolithographic printers. Such 3D printed microfluidic devices for bioanalysis will accelerate research through designs that can be easily created and modified, allowing improved assays to be developed.
Introduction
Three-dimensional (3D) printing has quickly gained acclaim as a technology with the potential to revolutionize manufacturing and scientific research. It is a technique whereby a physical object is created from a digital design file. The object is generally made by a printer one layer at a time on the basis of the printing method and algorithms in the printer software that determine where to form solid material according to the design and certain user specifications. This method of creating structures allows rapid iterative changes in design to be made and then fabricated, which is one reason why 3D printing is sometimes referred to as rapid prototyping. This ability to quickly change or edit designs also allows varied structures to be made without the expensive and timeconsuming processes involved in forming new masters, templates, or molds in conventional micromachining. Indeed, 3D printed fluidic devices can be made in a modular manner with individual components linked together in various configurations to create working devices from multiple pieces [1] [2] [3] [4] . In addition to facilitating rapid prototyping, 3D printing can provide an automated process wherein a complete device is made with essentially no operator input in the manufacturing process, reducing time and training requirements. Following fabrication, potentially simple postprocessing steps such as resin clearing or support removal are all that need to be done to make a device ready for use.
3D printing holds considerable potential value for analytical chemists, as varied, custom-designed miniaturized parts can be made rapidly and with low costs. A key advantage of 3D printing is that it has a much lower cost barrier to entry than conventional cleanroom-based techniques for microfabrication that require expensive equipment and extensive training. These features motivated researchers to use 3D printing to create fluidic structures for analytical applications and to desire to make 3D printed microfluidic devices. Microfluidics offers advantages over traditional analytical platforms, including lower reagent consumption and waste generation, integration and automation of processes, and portability. Perhaps one of the greatest potential advantages 3D printing could offer microfluidics is the possibility of making complex 3D fluidic networks much more easily than with use of stacked, two-dimensional surface micromachined layers. 3D printing can also allow simplified interfacing of devices with external fluid sources, as threaded ports [5, 6] and Luer-lock systems [2, 7, 8] have been printed as part of fluidic devices. Finally, 3D printing design files can be shared easily, which should facilitate collaboration and enable broad use.
Numerous reviews of 3D printing of sub-millimeter-scale fluidics have been published in recent years [2, 3, [9] [10] [11] [12] [13] [14] , describing types of printers, and configurations and applications of devices. Here, we discuss improving resolution significantly to 3D print truly microfluidic (less than 100-μm cross-section) structures. We focus less on a general overview of 3D printing, thus allowing us to give a more detailed evaluation of current and future needs to make truly microfluidic channel sizes beyond the current possibilities. 3D printing of fluidic features typically uses one of three approaches: polyjet (PJ), stereolithography (SLA), or fused deposition modeling (FDM).
PJ printers use a sprayer to deposit droplets of resin, which are cured by UV light; successive layers are then formed and cured on top of each previous layer. To make fluidic structures PJ printing requires the use of a sacrificial support material for imbedded channels or voids, so the next layer can be deposited on top. PJ printing has approximately 25-μm resolution for positioning of the print head and can form devices from two or more component inks; however, a key challenge for PJprinted fluidics is the difficulty in effectively removing the sacrificial support materials from fluidic channels. Examples of PJ printers include the Projet 3000HD and Objet 30.
FDM is a method that uses a thermoplastic that is extruded though a heated nozzle in patterned layers, which after cooling and hardening give a device. FDM generally prints quickly but suffers from lower resolution (approximately 50 μm for print head placement, but typical nozzle extrusion diameters and layer heights are hundreds of micrometers) than either PJ printing or SLA. FDM has the benefit of being able to print different materials because multiple print heads can be incorporated at the same time. Additionally, if stopping and restarting printing at specified times is feasible, multiple materials such as glass coverslips or semipermeable membranes can be introduced during the process. Examples of FDM printers include the Stratasys Dimension Elite and Makerbot Replicator.
SLA uses a vat of liquid resin that is photopolymerized typically with LED light patterned by a projector or a scanned laser that determines the spatial resolution. In SLA, patterned interior voids for fluids contain unpolymerized liquid resin that must be flushed after fabrication. This process is much easier than for either PJ printing or FDM since the unpolymerized resin is a liquid (and low-viscosity resins can be made). In theory, SLA resolution for fluidic structures is limited in current commercial 3D printers by the projector pixel size to approximately 30 μm, but in practice polymerization in subsequent layers typically limits channel cross sections to approximately 500 μm. Examples of SLA printers include the Miicraft and Asiga Pico Plus. A subcategory of SLA is two-photon polymerization (TPP). TPP 3D printing uses a scanned laser instead of an LED and projector as the light source and has very high resolution (approximately 1 μm) [15] [16] [17] . Unfortunately, multiple fundamental limitations of TPP hinder its application in the making of microfluidic devices. For example, because each voxel must be individually addressed, print times can be as long as 10 h per cubic millimeter. Moreover, TPP 3D printers typically cost hundreds of thousands of US dollars, making them costprohibitive for many research applications. These price/size/ time constraints severely limit TPP 3D printing to niche, very high resolution applications, rather than construction of microfluidic analysis devices.
In this review we look critically at the sizes of fluidic channels that have been 3D printed and focus on the general characteristics of the printers in which they were made. We further specify terminology to properly classify device dimensions as millifluidic (larger than 1 mm), sub-millifluidic (0.5-1.0 mm), large microfluidic (100-500 μm), or microfluidic (smaller than 100 μm). The cutoff of 100 μm for microfluidic features follows the consensus 100-nm definition for nanoscale structures [18] . We note that the size scale achieved with most current 3D printing techniques is better classified as millifluidic rather than microfluidic. Indeed, current 3D printed fluidics are too large for microchip capillary electrophoresis, organ-on-chip vasculature, and many types of single-cell analyses. We first examine fluidic features on the exterior of 3D printed devices and describe the benefits and downsides of creating these structures and subsequently laminating a layer to make enclosed fluidic features. Next we look at 3D printed fluidic features on the interior of devices and examine the size regimes reached as well as the pros and cons of this approach. We then outline directions forward for 3D printing of microfluidics with cross sections less than 100 μm, including improvements in materials and types of printers.
Printing external features
We first examine 3D printed devices that have features on the exterior of the print, and which require a postprint lamination process to make enclosed fluidic structures. Table 1 gives an overview of published work, providing minimum feature sizes in the X/Y and Z directions, either as described in the publications or in some cases as inferred from figures and scale bars. Table 1 further gives the brand of printer used and its resolution specifications, print time (where provided), and the application or use of the prints.
The first group of surface 3D printed features are rather large (greater than millimeter scale), and are classified as millifluidic once channels are enclosed. Brooks et al. [19] made devices smoothed by exposure to tetrahydrofuran for 1 min and sealed through attachment to a polydimethylsiloxane piece to study secretions from endocrine tissue with temporal resolution. Mandon et al. [20] looked at printing hydrogels with embedded enzymes to set up sequences of reactions; importantly, they demonstrated the use of multiple materials with SLA. Takenaga et al. [21] monitored H + concentrations by photocurrent detected in cultured cells by sealing their device and sandwiching it between a silicon chip and a glass coverslip. However, having at least one dimension larger than 1 mm limits the potential applications of these fluidic devices.
The next group of 3D printed surface feature devices are all sub-millifluidic, having their smallest dimension 500 μm or greater. Hamad et al. [22] made a 3D printed device for cyclic voltammetry; they measured pressure and bonding limits, and sealed their devices to a flexible plate with an adhesive ink. Monaghan et al. [23] used 3D printed trenches to test optical fiber combinations and configurations to monitor reaction progress by UV-vis absorption. Figure 1 shows a photograph of a device with fluidic channels, grooves to function as holders for optical fibers, and threaded connectors. Using the rapid fabrication advantages of 3D printing, they were able to test several different widths and depths of channels as well as integrate threaded connections for the off-chip flow system. Additionally, they used online monitoring in their device to optimize reaction temperature and residence time. These submillifluidic devices have smaller features than the previous group, but are still too large for many small-volume applications.
The next group of 3D printed surface device features have large microfluidic dimensions between 100 and 500 μm, and a postprint lamination or enclosure step is needed to create the fluidic structures. Kise et al. [24] 3D printed a spacer that was sealed with two glass slides to make a passive continuous flow mixer with integrated UV-vis, fluorescence, and mid-IR spectroscopic probes. To make nutrient-rich hydrogel spheres, Alessandri et al. [25] 3D printed a concentric conical nozzle that was interfaced with various solution inputs and allowed them to create concentric shells inside the spheres. Although these prints are approaching the 100 μm size range for typical The smallest category of these devices have feature sizes less than 100 μm on the exterior of the print. Lee et al. [4] made channels 50 μm tall and 100 μm in the X/Y direction in a device for the detection of alpha fetoprotein. PJ and SLA 3D printers were compared by Zhu et al. [26] ; they sealed their channels with a 500-μm-thick optically transparent plate and studied zebrafish embryos to determine resin biocompatibility. Anciaux et al. [27] created a free flow electrophoresis device with shallow (20-μm) fluidic features that were sealed to a separate 3D printed piece in an acetone vapor bath. As an application to point-of-care diagnostic tools, Plevniak et al. [28] developed a 3D printed device that was sealed to a glass slide and holder to monitor blood hemoglobin levels with use of smartphone camera detection. A final example is from Yuen [29] , who used FDM to create structures, but paused at specific points to add objects to the print, such as coverslips, thin films, membranes, and optical components. Devices in this category have channel sizes appropriate for a range of microfluidic analyses, but are limited by posttreatment processes to seal the channels and further fail to take advantage of the full device volume and utility afforded by 3D printing.
These examples show that surface features can be printed with dimensions appropriate for microfluidic applications. However, important unresolved issues remain for printing channels on the exterior of devices. First, because the features are on the surface of the print, they do not become fluidic structures until they are fully enclosed with another piece. This lamination process can be done through solventassisted methods, heated presses, or tape or clamps to attach pieces from either the same material as the printed resin or another material such as glass. Notably, these bonding steps increase fabrication complexity and introduce potential errors or complications that can occur because of a two-material seam, where delamination or leakage is possible. Even more importantly, creation of channels exclusively on the exterior of prints suffers from all the inherent issues of surface micromachining and its inability to make truly 3D structures.
In contrast, the ability to create truly microfluidic features throughout a solid object volume in all three dimensions with use of 3D printing would provide a revolutionary advance over lithography-based cleanroom methods.
Printing internal fluidic features
Here, we focus on fluidic features printed fully within the interior of a device, as summarized in Table 2 . The minimum channel size is defined as the smallest fluidic feature successfully printed and through which solution could flow. Table 2 also gives the brand of printer used and its resolution specifications (if provided in the reference), the time for the print, and a description of the application(s) of the 3D printed fluidic structures. Although fluidic channels formed within the interior of a 3D print avoid many of the problems associated with making fluidic features on the device exterior, new issues arise in creating these structures. A key concern is the postprint removal of material left inside the channels during printing. For PJ and FDM printers a separate sacrificial material is deposited to complete the planar layer and allow the device material to be printed on this surface in the next print layer (otherwise it would fill in the intended fluidic features below). This sacrificial material and its removal step limit the feature sizes that can be produced. In addition, for FDM prints the size of the printer nozzle and the process by which the liquid material is allowed to cool limit resolution, because a line of liquid resin spreads out before it cools and hardens to the desired shape. In SLA the unpolymerized liquid resin within the channels must be flushed to create fluidic structures; this unpolymerized SLA liquid resin can be removed easily with an applied vacuum, especially when low-viscosity resins are used. A visual representation of the mismatch between printer resolution specifications and 3D print results is shown in Fig. 2 . The 3D printed interior channel cross-sectional areas are all more than an order of magnitude larger than the minimum feasible dimension predicted by printer specifications alone. This plot demonstrates the need for caution in predicting minimum fluidic feature dimensions from printer resolution specifications, as well as the importance of both pushing achievable feature sizes closer to printer resolution specifications and improving printer resolution.
First we discuss 3D printed internal millifluidic features with cross sections in at least one dimension larger than 1 mm. Lee et al. [4] 3D printed millifluidic modules that were connected to make a device for the detection of alpha fetoprotein. Sochol et al. [30] reported 3D printing of millifluidic capacitors, diodes, and transistors. A millifluidic device created by Anderson et al. [6] monitored drug transport in cells on a membrane that was interfaced with 3D printed channels. Figure 3 shows a device photograph and schematic design. This device had threaded fittings to directly connect it to a syringe pump and mass spectrometer, allowing the concentration of drug delivered to the cells to be determined, and cell viability could be probed by fluorescence. Venkateswaran et al. [31] developed an SLA-printed millifluidic device to determine the viscosity of milk and thus the concentration of adulterants. A number of manually operated millifluidic components, such as pumps and valves, were printed by Chan et al. [32] for a disposable, point-of-care analysis unit for total protein quantification in urine. Urrios et al. [33] 3D printed millifluidic channels using a biocompatible polyethylene glycol diacrylate SLA resin. Although the millifluidic features within the interior of the devices reported in all these articles took advantage of the 3D nature of prints, the millimeter-scale channel cross sections were too large for many analysis applications.
Most 3D printed interior channels are in the submillifluidic range (0.5-1.0 mm), which can be made to work for select analyses, but is still limiting for many analytical applications. A device with incorporated electrodes to detect DNA via [Ru(bpy) 3 ] 2+ (where bpy is 2,2′-bipyridyl) was Entries are sorted approximately according to feature size, with those having the largest features listed at the top. FDM fused deposition modeling, PJ polyjet, SLA stereolithography printed by Bishop et al. [5] . A commercial printing service was used to m ake a variety of components that were hooked together in a modular design allowing Bhargava et al. [1] to produce a droplet generator and mixers to control flow rates. DNA reactions, including PCR, were performed by Patrick et al. [34] in another commercially made device. An FDM printer was used to create a droplet generator that had 600-μm channels and an adjustable screw that could control the droplet size [35] . Morgan et al. [36] reported a droplet generator with 500-μm-diameter channels, which were used to encapsulate dental pulp stem cells and determine viability. A 3D printed device was made by Lee et al. [7] for detection of bacteria in foods using antibodies attached to magnetic beads. In an interesting application, Femmer et al. [38] took advantage of 3D capabilities to create an array of droplet generators using 500-μm channels to create emulsions and microgels. Devices with channels having at least one dimension between 0.5 and 1 mm in the interior begin to leverage 3D printed fluidic capabilities, but are still too large to be useful in a range of microfluidic analysis applications. Large 3D printed internal microfluidic features have dimensions between 100 and 500 μm, which makes available additional analysis capabilities but still does not allow the full range of microfluidic applications. Shallan et al. [40] created a 3D printed micromixer and droplet generator in a device for nitrite detection with channels as small as 250 μm. Four different PJ printers were tested by Walczak and Adamski [42] for the minimum channel size they could make; the fluidic devices were used for UV-vis analysis of beverages, and the prints were evaluated for fidelity, conformity, and roughness. They found that removal of support material limited the minimum feature size that could be made. A droplet generator was made via PJ printing that could form droplets of different sizes; their theoretical and experimental sizes were compared, and the polydispersity index of the droplets was determined [43] .
A few recent articles have directly compared different 3D printing techniques to examine their performance, although without a focus on a specific chemical or biological application. Ukita et al. [39] made a centrifugal fluidic concept device with interior channels as small as 250 μm on a side. They also examined the fidelity of prints for a given design size and the smoothness of a sloped surface; from these results they estimated 200 μm to be the minimum feasible channel dimension. A second article compared PJ and FDM printer resolution, accuracy, circularity, biocompatibility, roughness, and water contact angle [41] . Minimum interior channel dimensions of approximately 200 μm were created; PJ printing offered higher spatial accuracy and smoother features than FDM, whereas objects made with both printers had good biocompatibility. Finally, very recent work by Macdonald et al. [37] compared the use of SLA, PJ, and FDM printers to create Y-shaped microfluidic devices having interior fluidic channel sizes as small as 150 μm with SLA fabrication. They evaluated surface roughness, fidelity, mixing of two input streams, postprocessing steps, and device cost. They determined that FDM printers offer a range of materials and low costs; PJ printers have high fabrication throughput but are expensive and interior channels are difficult to clear; and although SLA printers have lower throughput, they offer the smoothest and best-defined channels, with short postprocessing times and good laminar flow properties. Our recent publications show sizes in or near the true microfluidic range for 3D printed devices having fluidic pumps and valves that withstand more than 1,000,000 actuations without breaking [44] . Figure 4 shows a 3D printed pump based on multiple valves made with a customformulated SLA resin [45] . This multiplexer was able to direct fluid flow from any of three possible inputs into either of two available outputs, and the channel cross-sectional features were smaller than 200 μm. We have recently 3D printed truly microfluidic (approximately 100 x 100 μm 2 cross section) channels using SLA [46] . We optimized the concentration of UVabsorber in the resin, and compared our microfluidic structures with the sub-millifluidic ones made by several commercial 3D printing services. In addition to being able to produce smaller channels, our custom formulation of resins allows careful control of the surface or bulk device properties, including elasticity and chemistry. These truly microfluidic devices now available with SLA 3D printing open the door to performing microchip electrophoresis, probing single cells, forming vasculature mimics, creating laminar flow mixers, forming monoliths for analyte retention, etc.
Outlook
3D printing of millifluidic structures is routine, and although many authors misclassify such devices as microfluidic, there is clearly an urgent, unmet need for similar capabilities in 3D printing of truly microfluidic features smaller than 100 μm. Such sub-100-μm 3D printed microfluidic structures would have sufficiently small channels to perform novel lab-on-achip operations not accessible with current 3D printed devices. To achieve these lofty goals, which are just now becoming feasible with the smallest microfluidic 3D prints [45, 46] , sub-100-μm fluidic features are essential. In the near term, 3D printing of sub-100-μm microfluidics will likely need to be done via SLA, because of the difficulty and tedious nature of removing solid sacrificial supports required for making fluidic structures by PJ printers and insufficient resolution in FDM. In theory, PJ and FDM printing could achieve truly microfluidic interior channel sizes with improved support materials for PJ systems or smaller nozzles/new configurations for FDM printers. If support material removal, smoothness, and resolution obstacles to printing truly microfluidic features by FDM or PJ printing are overcome, then their unique capabilities, such as embedding materials during printing in FDM or printing with several materials via PJ, could be fully leveraged. Likewise, printing fluidic features only on the device exterior and later sealing them introduces complications, including of risk of delamination, increased fabrication time and complexity, and limitations in sophistication of fluidic networks.
SLA 3D printers are the only ones to have made approximately 100 μm internal microfluidic structures to date [46] , and are presently best suited to further push the size limit of 3D printing. Moreover, SLA prints comprise a single, complete piece with no need for bonding of secondary components; the only requirement is to flush the unpolymerized resin with a vacuum or by flowing solvent. Smooth channel surfaces offered by SLA facilitate laminar flow [34] , and recent work further demonstrates the potential for creating multimaterial SLA prints [20] . An additional feature of SLA 3D printing is the ability to create new resins and fine-tune existing ones, offering the ability to have individual components adjusted or optimized to suit a user's needs. Indeed, the ability to custom formulate resins has been crucial to our success in creating approximately 100 μm fluidic features as well as pumps and valves [45, 46] . We [47] , and more recently others [33] , have shown that devices made from polyethylene glycol diacrylate are desirable for biocompatibility, including reduced adsorption of protein to surfaces and cell viability.
As researchers continue to push the limit from approximately 100 μm to the 10 μm fluidic size scale in 3D prints, custom resin formulations easily interfaced with SLA printers will be essential. Further improvements in SLA projector resolution and optics to yield approximately 2 μm pixels will aid in the drive toward 10 μm features. Fully incorporating 3D and truly microfluidic systems in easily formed devices will be a crucial step in the advancement of lab-on-a-chip technology. 3D printing allows these designs to be optimized iteratively in a low-cost manner and opens the possibility to create novel and more advanced 3D structures. We further envision that new materials will provide microscale active components in novel 3D architectures for biochemical analyses. The development of such 3D printed, truly microfluidic systems should have a major impact on bioanalytical science.
